A commercial purity aluminum was heavily deformed up to an equivalent strain of 4 at various temperatures and strain rates by torsion deformation to produce specimens with various ultrafine grained (UFG) microstructures. The microstructures were characterized by electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM). The microstructural observation revealed that the torsion deformed specimens had various mean grain sizes ranging from 0.38 to 8.6 µm. The grain size and dislocation density in the microstructures depended on the deformation conditions organized by ZenerHollomon parameter. The mechanical properties of the torsion deformed specimens were investigated by tensile test at room temperature. It was found that the ultrafine grained specimens showed high strength which reached a value almost three times higher than that of the starting material. The strength of the UFG aluminum was higher than the level expected from the Hall Petch relationship for conventionally coarse grained aluminum. The strengthening mechanisms in the UFG aluminum were discussed in terms of substructures introduced during torsion deformation.
Introduction
Ultrafine grained (UFG) materials have become an interesting subject in the research of materials science because of their unique microstructures and excellent mechanical properties.
1) It was demonstrated in our previous study that torsion deformation can be one of the severe plastic deformation (SPD) processes to fabricate bulk UFG aluminum alloys.
2) The torsion deformation has an advantage in accurately controlling deformation conditions (i.e., temperatures and strain rates) and also allows a continuous impose of large strain without interruption, compared with other SPD processes.
3) However, the microstructure and mechanical properties of the UFG materials fabricated by torsion deformation have not been clarified yet. One reason is that the torsion deformation has been rarely used for producing bulk UFG materials, and another reason is the difficulty to fabricate mechanical testing samples from torsion deformed specimens. Although the mechanical properties of the UFG materials produced by torsion deformation have not been widely investigated, the ultrahigh strength could be expected for the UFG aluminum according to well-known HallPetch relationship, 4, 5) 
where · y is the yield stress, · 0 is the friction stress required to move dislocations in very coarse grains, k y is the HallPetch coefficient, and d is the average grain size. The HallPetch relationship suggests that the yield stress should increase proportionally with decreasing the minus square root of the mean grain size, in other words, the yield stress of the UFG material can be estimated from the microstructural parameter (grain size) by extrapolating the HallPetch relation for coarse grained materials. Recently, it has been also reported that the HallPetch relationship is no longer valid for UFG and nanostructured materials.
611) For example, several researchers have reported that the UFG materials exhibit ultrahigh strength, which is higher than that predicted from the HallPetch relationship for coarse grained materials.
611)
On this background, it can be said that the strengthening mechanism of the UFG materials is quite complex and still unclear. Therefore, in the present study the authors try to clarify the following two issues. One objective of this work is to characterize the mechanical properties and microstructures of the UFG materials fabricated by torsion deformation at various temperatures and strain rates. The other aim of the present study is to clarify the strengthening mechanism of the UFG materials on the basis of the microstructural parameters.
Experimental Procedures

Torsion deformation
The material used in the present study was a commercial purity aluminum (JIS 1100Al). The chemical composition of the starting material is summarized in Table 1 . The torsion specimens having a cylindrical gage part 4 mm in length and 8 mm in diameter were machined from the as-received aluminum bars. The details about the dimension and shape of the torsion specimens have been reported in the previous report.
2) The shear strain (£) and equivalent strain (¾ eq ) can be calculated by following equations: where r is the radial position, N is the number of rotation, L is the gage length. The specimens were heavily deformed by torsion deformation up to 1.1 rotations (corresponding to the maximum equivalent strain of 4 at the surface of the gage) at different temperatures ranging from room temperature (RT) to 400°C and different strain rates from 10 ¹2 to 10 2 s ¹1 to produce specimens with various ultrafine microstructures. The deformation was carried out at constant rotation speed corresponding to the equivalent strain rate. The heating rate used for all torsion deformation was 0.5°C·s ¹1 . The deformation temperature and strain rate are combined into a single parameter, ZenerHollomon (Z) parameter, determined as, 13 )
where _ ¾ is the strain rate, Q is the apparent activation energy for deformation, R is the gas constant and T is the absolute temperature. The Q value of 156 kJ·mol ¹1 was taken from the results of deformation in commercial purity aluminum reported by Jonas et al. 13) and used for calculating the Z parameter in the present study. The deformation conditions used in the present study are summarized in Table 2 .
Microstructural analysis
Microstructural analysis was carried out using electron back-scattering diffraction (EBSD) measurement, transmission electron microscopy (TEM) and X-ray diffraction (XRD). Specimens for EBSD analysis were prepared by mechanical polishing followed by electro-polishing in a solution of 30 vol% nitric acid (HNO 3 ) and 70 vol% methanol (CH 3 OH) at approximately ¹30°C with a voltage of 12 V. EBSD observation was performed in a field-emission scanning electron microscope (FE-SEM, Phillips FEI XL30S FEG) at an accelerating voltage of 15 kV. For TEM analysis, thin-foil specimens were prepared by twin-jet electopolishing under the same condition and solution as those for the EBSD sample preparation. TEM observations were performed in a JEOL-2000EX TEM microscope with a double-tilt stage holder at an operating voltage of 200 kV. The specimens for XRD investigation were prepared using the same procedures as those for the EBSD specimens. The X-ray measurement was performed using Rigaku Smart-Lab X-ray diffractometer with Cu K¡ radiation. All the observations and analysis were carried out at the near surface position of the gage part in the torsion specimens at which the corresponding equivalent strain was 3.6.
Mechanical test
Mechanical properties of torsion deformed specimens were characterized by tensile test. The tensile test specimens were cut from near surface regions in the gage part of torsion deformed specimens, as is illustrated in Fig. 1(a) . In the near surface region of the torsion specimens, a high shear strain could be obtained, and that was also the position of microstructural observations. The sheet-type tensile test specimens had dimensions 2 mm in gage length and 1 mm in gage width. The cut specimens were mechanically polished down to a thickness of 0.4 mm. The tensile test specimen is illustrated in Fig. 1(b) .
Tensile test was carried out using an universal test machine Shimadzu model AG-I 100 kN at RT and an initial strain rate of 8.3 © 10 ¹4 s ¹1 . The tensile direction was perpendicular to the shear direction in torsion. A CCD camera was used to measure the precise elongation during the tensile test. Ten images per second were recorded by the CCD camera for measuring the displacement of the gage part of the tensile specimen.
Results and Discussion
Microstructures of torsion deformed specimens
Figures 2(a)2(f ) are EBSD grain boundary maps showing microstructures of the starting material and the specimens deformed by torsion to an equivalent strain of 3.6 under a wide range of Z conditions from 1.28 © 10 10 s ¹1 to 2.21 © 10 26 s
¹1
. In the grain boundary maps, the black and gray lines indicate high angle boundaries having misorientation (ª) larger than 15°ð15 5 ªÞ and low angle boundaries with misorientation of 2 5 ª < 15 , respectively. The starting material has a fully recrystallized structure having an average grain size of 28 µm ( Fig. 2(a) ). After deformation at Z = 2.21 © 10 26 s
, the microstructure consists of a lamellar boundary structure nearly parallel to the shear direction ( Fig. 2(b) ). The mean grain size (thickness) determined from high angle boundaries (D HAGB ) is 0.63 µm. In the specimen deformed at Z = 1.69 © 10 15 s ¹1 , the microstructure mainly consists of elongated grains, most of the grains are surrounded by high angle grain boundaries, and the mean grain size determined from high-angle boundaries increases to 1.16 µm (Fig. 2(c) ). With decreasing Z value furthermore, the microstructure changes to more equiaxed grains surrounded by high angle boundaries (Figs. 2(d)2(f )). The mean grain size increases with decreasing the Z value. The mean grain sizes of the specimens deformed at Z values from 1.28 © 10 14 s ¹1 to 1.28 © 10 10 s ¹1 are in a range from 2.9 to 12.4 µm. When the grain size was determined using all boundaries in the EBSD boundary maps (low angle boundaries + high angle ones:), the mean grain size (D all ) was naturally smaller than D HAGB , which is summarized in Table 3 . In order to examine more details in the microstructures, TEM observations were also performed. TEM micrographs of the specimens deformed at two different Z values are shown in Fig. 3 . It is found that the microstructure of the specimen deformed at high Z value of Z = 2.21 © 10 26 s ¹1 consists of elongated grains having large amount of dislocation as shown in Fig. 3(a) . When the Z value decreases down to 1.69 © 10 15 s
, the microstructure consists of equiaxed grains having low dislocation densities (Fig. 3(b) ). The results coincide well with the EBSD microstructures shown in Fig. 2 . Figure 4 shows XRD results of the specimens after torsion deformation by 1.1 rotations at various Z values. It was found that all the diffraction peaks were well matched with the diffraction pattern of aluminum with face-centered cubic (Fcc) structure and no other phases were observed in the XRD pattern as shown in Fig. 4(a) . For a careful examination of the changes in diffraction peaks with increasing the Z value in torsion deformation, the X-ray diffraction peak of (111) plane was selected and shown in Fig. 4(b) . It can be clearly seen that the intensity of the X-ray diffraction peak decreased and the peak was broadened with increasing Z value. Though the peak position seems to shift to lower angle side with decreasing the Z value, the accuracy and reason for that are unclear at this moment. Generally, broadening of the peak is caused by refinement of crystalline size and/or increasing dislocation density. The dislocation density (μ) can be quantitatively estimated from the XRD pattern using WilliamsonHall method through following equations:
where k and F are constant values (16.1 for FCC material and 1, respectively), b is the magnitude of Burgers vector (0.286 nm for aluminum), ¾ is the lattice strain described by {(¢cos ª/)/(2sin ª/)}, ¢ is the full-width at half maximum height (FWHM) of the peaks, is the wave length of X-ray and ª is the diffraction angle. Figure 5 shows ¾ values obtained from plotting ¢cos ª/ of all the eight XRD peaks versus 2sin ª/, where the lattice strain, ¾, is also indicated. The lattice strain values evaluated from the XRD results were used for determining the dislocation density of all the specimens using eq. (5). The dislocation density evaluated from the XRD results are summarized in Table 3 . It is found that the dislocation density increases with increasing Z value, which qualitatively coincides with the TEM observations (Fig. 3) . . ¾ is the lattice strain used for calculating dislocation density.
Mechanical properties of torsion deformed specimens
The RT stressstrain curves of the specimens torsion deformed by 1.1 rotations at various Z values are shown in Fig. 6 . The stressstrain curve of the starting (undeformed) specimen is also included in this figure for comparison and the Z value and grain size are also indicated in Fig. 6 . Here, D all is indicated as the grain size. It was seen from Fig. 6(a) that the ultrafine grained materials showed very high strength. For example, the yield stress (151 MPa) and ultimate tensile strength (195 MPa) of the specimen with the mean grain size of 0.38 µm were almost three times higher than those of the starting material (27 and 65 MPa, respectively). However, it was also found that the flow curves of the specimens with the mean grain sizes smaller than 1 µm reached the maximum stress at early stage of tensile test, resulting in a very limited uniform elongation. Similar results have been found in the UFG 1100Al produced by ARB process and subsequent annealing. 16) For comparison, the stressstrain curves of the 1100Al ARB processed by 6 cycles (equivalent strain of 4.8) at RT are shown in Fig. 6(b) . The mean grain size (D all ) 16 ) is also indicated in Fig. 6 (b). It should be noted here that the UFG 1100Al fabricated by torsion deformation exhibits different shapes of stress strain curves from those of the UFG 1100Al produced by ARB process and annealing. The ARB processed and annealed specimens having the mean grain sizes smaller than 3.7 µm show discontinuous yielding characterized by yield-drop, while the UFG 1100Al produced by torsion deformation does not show yield point phenomenon.
The 0.2% proof stress (· 0.2 ), ultimate tensile strength (· UTS ), uniform tensile elongation (e u ) and total tensile elongation (e t ) were measured from all the stressstrain curves of the torsion deformed specimens and plotted as a function of Z value or average grain size (D all ) in Fig. 7 . It is found that the strength increases with increasing Z value ( Fig. 7(a) ), in other words, with decreasing the grain size ( Fig. 7(b) ). The strength gradually increases with increasing Z, but it greatly increases at around Z = 1.69 © 10 15 s
¹1
(corresponding to the grain size of about 0.80 µm). This corresponds to the change in microstructures from more equiaxed morphologies to elongated lamellar morphologies, as was shown in Fig. 2 . The tensile elongation significantly decreases when the grain size is smaller than 1 µm. Similar results have been observed in various kinds of UFG metallic materials fabricated by SPD and subsequent annealing, such as pure aluminum, 11) aluminum alloys 7, 17) and IF steel. 18) Actually, sudden drop of tensile elongation below grain size of 1 µm is also found in the ARB processed and annealed 1100Al shown in Fig. 6(b) . The low tensile ductility, especially the limited uniform elongation, of ultrafine grained metallic materials is attributed to high yield strength and lack of work hardening, which causes plastic instability (necking in tensile deformation) occurring at very early stage of the tensile test. This can be described by the Considère's criterion for plastic instability, as 
where · is the true flow stress, ¾ is the true strain and d·/d¾ is the work hardening rate. UFG materials exhibit high flow stress (especially high yield strength) compared with those of the coarse grained materials. On the other hand, the work hardening is not enhanced by grain refinement. Therefore, the necking starts at very low strain, which results in limited tensile ductility. The 0.2% proof stresses obtained from the tensile test of the torsion deformed specimens are also plotted as a function of minus square root of the grain size (D all ) in Fig. 8 (Hall  Petch plot) . The 0.2% proof stresses of the same material reported by Kamikawa, 16) i.e., the coarse grained specimens fabricated by conventional cold-rolling and annealing processes, and the UFG specimens fabricated by ARB and annealing processes (corresponding to Fig. 6(b) ), are also plotted in Fig. 8 for comparison. One can clearly see from this figure that the UFG aluminum processed by torsion deformation exhibits higher strength than that of the extrapolation of the HallPetch relationship for coarse grained aluminum. In other words, the UFG aluminum exhibits extra-hardening. Extra-hardening has been reported in the UFG materials including 1100Al fabricated by ARB and annealing processes, 11, 16) which is also plotted in Fig. 8 . However, it is found in Fig. 8 that the extra-hardening of the UFG aluminum fabricated by torsion deformation is significantly different from that of the ARB processed and annealed specimens, which seems to correspond with the difference in the stressstrain behaviors between them show in Fig. 6 . It has been clarified that the extra hardening of the UFG materials fabricated by SPD (ARB) and annealing processes is mainly attributed to the yield-point phenomena characteristically happening in UFG microstructures, 19) and it is referred as dislocation source hardening.
11) It is, however, not the case for the present UFG aluminum fabricated by torsion deformation, since the torsion specimens do not show obvious yield-point phenomena as shown in Fig. 6 .
Probably the difference in the extra hardening behaviors is caused by the difference in the microstructures of the UFG aluminum produced by torsion deformation and that by ARB process and annealing. It is known that the UFG aluminum fabricated by ARB process shows the lamellar morphology having characteristics of deformation structures, i.e., elongated shapes, high density of dislocations and large number of low angle boundaries. 6) When the ARB processed aluminum is annealed at relatively low temperatures, the elongated morphology is maintained but the dislocation density decreases by recovery process with increasing the annealing temperature. Eventually, equiaxed grains free from dislocations inside can be obtained. 6, 16) Such microstructures are equivalent to fully recrystallized microstructures. On the other hand, the torsion deformed aluminum maintains deformation characteristics, although the morphology of the ultrafine grains changes from elongated ones to more equiaxed ones with decreasing Z value (Figs. 2 and 3 ). In fact, as shown in Table 3 , the specimen torsion deformed under the lowest Z condition (1.28 © 10 10 s ¹1 ) still maintains the dislocation density of 7.81 © 10 12 m ¹2 , which is significantly higher than that in fully recrystallized metallic materials (10 9 10 10 m ¹2 ). Then, the extra hardening of the torsion deformed aluminum is discussed quantitatively on the basis of the substructures hereafter. Now the strength of the UFG aluminum fabricated by torsion deformation is estimated by adding various strengthening mechanisms, in order to understand the extra hardening in the torsion specimens. In metallic materials, several kinds of strengthening mechanisms can be considered, which are dislocation strengthening (strain hardening), grain boundary strengthening, solution hardening and precipitation/dispersion hardening. 20) In the present commercial purity aluminum, contributions of solution hardening and precipitation/ dispersion strengthening can be ignored, as the amounts of solute atoms and precipitates are little. On the other hand, the EBSD, TEM and XRD results showed that the torsion deformed aluminum contained fine-grained structure and high density of dislocations. Therefore, the yield strength (0.2% proof stress: · 0.2 ) of the torsion deformed specimens is estimated from the microstructural parameters, assuming the additional law of the friction stress (· 0 ), the contribution of grain boundary strengthening (· gb ) and that of dislocation strengthening (· d ), i.e.,:
According to Hansen et al., 21) the contributions of grain boundary strengthening and dislocation strengthening in the UFG materials fabricated by SPD can be written as,
where k y is the HallPetch slope, d is the mean grain size, M is Taylor factor (3.0), 22) ¡ is a constant (0.24), 23) G is the shear modulus (26 GPa), b is the magnitude of Burgers vector (0.286 nm) and μ is the dislocation density. The value of 22 MPa is used as · 0 . 16) As k y , the value of 28 MPa µm 0.5 obtained by Kamikawa 16) for coarse grained aluminum is used. D HAGB is used as the mean grain size (d) for the calculation, which was summarized in Table 3 together with the dislocation density (μ). In Fig. 9 , the 0.2% proof stresses of the torsion deformed specimens calculated according to eq. (8) using experimentally obtained D HAGB and μ are indicated as bars in the HallPetch plot. The results are plotted for two kinds of the mean grain size, (a) D HAGB and (b) D all . The 0.2% proof stresses obtained from tensile testes are also plotted as closed circles in Fig. 9 for comparison. It can be seen that the calculated 0.2% proof stress shows a relatively good agreement with the experimental result, regardless of the kind of the mean grain size (D HAGB or D all ). The contribution of grain boundary strengthening (· gb ) indicates the Hall Petch relationship for coarse grained specimens. Therefore, it can be concluded that the extra hardening in the present UFG aluminum fabricated by torsion deformation can be understood mainly by strengthening owing to the substructures observed within the microstructures (dislocation strengthening: · d ).
Theoretically the similar calculation can be done for the ARB processed and annealed specimens which showed different tendency of extra-hardening in Fig. 8 . However, the data of the ARB processed and annealed specimens shown in Fig. 8 are those previously studied in Ref. 17 ) and the dislocation density data measured by the same method (XRD) are not available. However, · 0 + · gb in Fig. 9 coincides with the extrapolation of the HallPetch relationship for coarse grained materials. Furthermore, as was shown in our previous studies (Refs. 6 and 16), the microstructures of the ARB processed and annealed specimens which have the mean grain sizes larger than 1 µm are equivalent to fully recrystallized microstructures, so that the dislocation density within those grains must be very low (probably below 10 11 m ¹2 ). That is, at least around the grain size of 12 µm, total lengths of the bars (· 0 + · gb + · d ) for the ARB processed and annealed materials must be shorter than those for the torsion deformed materials in Fig. 9 , while the HallPetch line for the ARB materials locates above that for the torsion materials in Fig. 8 . This also suggests that different strengthening mechanisms operate in the torsion materials and the ARB materials, respectively.
Conclusions
In the present study, mechanical properties and microstructures of the ultrafine grained aluminum fabricated by torsion deformation were systematically investigated. The strengthening mechanisms of the ultrafine grained aluminum were also discussed. The main results obtained are as follows:
(1) The various fine grain structures having mean grain sizes ranging from 0.38 to 8.6 µm were obtained by torsion deformation under various Z conditions. The ultrafine grained microstructures involved high density of dislocations. The mean grain size decreased and the dislocation density increased with increasing the Z value. (2) The strength of the torsion deformed specimens increased with increasing the Z value. The ultrafine grained aluminum having submicrometer grain sizes exhibited very high strength. On the other hand, the tensile ductility of the submicrometer grained aluminum was limited due to early plastic instability. (3) The 0.2% proof stress of the ultrafine grained aluminum was much higher than that predicted by conventional HallPetch relationship of aluminum extrapolated from coarse grained regions. The extra hardening behavior of the torsion deformed aluminum was significantly different from that of the ARB processed and annealed aluminum. The 0.2% proof stress of the torsion specimens was evaluated from the microstructural parameters experimentally obtained, and compared with the 0.2% proof stress experimentally obtained by tensile test. It was concluded that the extra hardening in the torsion specimens was attributed mainly to the substructure strengthening.
(a) (b) Fig. 9 A comparison between the experimental and the calculated values of the 0.2% proof stress. Plotted for two kinds of mean grain sizes shown in Table 2 : (a) D HAGB and (b) D all .
